Context. The young, rapidly rotating Bp star HR 5624 (HD 133880) shows an unusually strong non-sinusoidal variability of its longitudinal magnetic field. This behaviour was previously interpreted as the signature of an exceptionally strong, quadrupole-dominated surface magnetic field geometry. Aims. We studied the magnetic field structure and chemical abundance distributions of HR 5624 with the aim to verify the unusual quadrupolar nature of its magnetic field and to investigate correlations between the field topology and chemical spots. Methods. We analysed high resolution, time series Stokes parameter spectra of HR 5624 with the help of a magnetic Doppler imaging inversion code based on detailed polarised radiative transfer modelling of the line profiles. Results. We refined the stellar parameters, revised the rotational period, and obtained new longitudinal magnetic field measurements. Our magnetic Doppler inversions reveal that the field structure of HR 5624 is considerably simpler and the field strength is much lower than proposed by previous studies. We find a maximum local field strength of 12 kG and a mean field strength of 4 kG, which is about a factor of three weaker than predicted by quadrupolar field models. Our model implies that overall large-scale field topology of HR 5624 is better described as a distorted, asymmetric dipole rather than an axisymmetric quadrupole. The chemical abundance maps of Mg, Si, Ti, Cr, Fe, and Nd obtained in our study are characterised by large-scale, high-contrast abundance patterns. These structures correlate weakly with the magnetic field geometry and, in particular, show no distinct element concentrations in the horizontal field regions predicted by theoretical atomic diffusion calculations. Conclusions. We conclude that the surface magnetic field topology of HR 5624 is not as unusual as previously proposed. Considering these results together with other recent magnetic mapping analyses of early-type stars suggests that predominantly quadrupolar magnetic field topologies, invoked to be present in a significant number of stars, probably do not exist in real stars. This finding agrees with an outcome of the MHD simulations of fossil field evolution in stably stratified stellar interiors.
Introduction
A small fraction of the upper main sequence stars exhibit strong, globally-organised, stable surface magnetic fields (Donati & Landstreet 2009 ). These fields, typically ranging between a few hundred G to several tens of kG in strength, are believed to be acquired by the stars at an earlier evolutionary stage rather than powered by a contemporary dynamo and are thus known as "fossil" fields. The phenomenon of surface fossil magnetism affects about 10 per cent of all main-sequence stars in the interval between early O and early F spectral types (Wolff 1968; Donati & Landstreet 2009; Wade et al. 2012; Fossati et al. 2015) . The exact mechanisms responsible for the generation of these fields and explaining their relatively low incidence are yet to be conclusively established. Plausible hypotheses include an amplifiBased on observations collected at the European Southern Observatory, Chile (ESO programs 085.D-0296, 089.D-0383, 095.D-0194) and on observations obtained at the Canada-France-Hawaii Telescope (CFHT) which is operated by the National Research Council of Canada, the Institut National des Science de l'Univers of the Centre National de la Recherche Scientifique of France, and the University of Hawaii. cation of the magnetic flux during the gravitational collapse of protostellar clouds (Moss 2003) , convective dynamos operating at the pre-main-sequence evolutionary stage , or early stellar merger events (Schneider et al. 2016 , and references therein). The presence of a strong magnetic field at the surfaces of early-type stars facilitates formation of inhomogeneities in the form of chemical abundance spots in B-F-type stars (Ap/Bp stars) or corotating circumstellar clouds in O and early B-type stars. These structures, in turn, giving rise to conspicuous periodic photometric and spectroscopic variability.
Since the earliest studies of fossil magnetic fields (Stibbs 1950; Deutsch 1958) it was evident that the majority of Ap/Bp stars show a single-wave, roughly sinusoidal periodic variation of the mean line-of-sight (longitudinal) magnetic field B z . This observation was interpreted in the framework of the phenomenological oblique rotator model (Stibbs 1950) , which describes the stellar surface magnetic field topology as a frozen-in dipole, inclined with respect to the rotational axis of the star. This model is still widely used for statistical studies of large stellar samples (e.g. Aurière et al. 2007; Hubrig et al. 2007) and as a starting guess for in-depth analyses of the field struc- ture of individual stars. However, modelling B z curves simultaneously with other integral magnetic observables (mean field modulus, crossover, mean quadratic field, broadband linear polarisation; see the comprehensive review by Mathys 2002) required higher order multipolar field parameterisations in which quadrupolar terms often provided a significant, if not dominating, contribution (Landstreet & Mathys 2000; Bagnulo et al. 2000 Bagnulo et al. , 2001 Bagnulo et al. , 2002 . Moreover, several early-type magnetic stars, including HD 37776 (Thompson & Landstreet 1985) , HR 5624 (Landstreet 1990 ), τ Sco (Donati et al. 2006) and to a lesser extent HD 32633 (Silvester et al. 2012) , HD 126515 (Mathys 2017) and HD 175362 (Mathys & Hubrig 1997) , show distinctly non-sinusoidal, double-wave B z phase curves. In the literature, these observations are commonly considered as evidence of a field topology dominated by an axisymmetric quadrupolar component.
More recently, direct modelling of high resolution Stokes profile time series observations with the help of magnetic Doppler imaging (MDI, Piskunov & Kochukhov 2002; Kochukhov 2016 ) provided a new insight into fossil magnetic field geometries of early-type stars. Generally, the field topologies were found to be more diverse and occasionally much more complex than thought before. Inversions of high resolution Stokes parameter spectra, in particular those incorporating linear polarisation data, suggested the presence of small-scale magnetic concentrations as well as toroidal fields superimposed onto a global, dipole-like magnetic topology (Kochukhov et al. 2004; Kochukhov & Wade 2010; Silvester et al. 2014; Rusomarov et al. 2016) . On the other hand, MDI of τ Sco and HD 37776, suspected to host dominant quadrupolar fields according to their non-sinusoidal B z variation, revealed highly structured, nonaxisymmetric but weaker field geometries (Donati et al. 2006; Kochukhov et al. 2011; Kochukhov & Wade 2016 ) than those inferred from the traditional low-order multipolar modelling of the integral magnetic observables. Thus, the question of the reality of strong, quadrupole-dominated fields in early-type stars is still unanswered. Do these field models provide a faithful representation of the actual surface field structures occurring in a small number of stars, or are they merely artefacts of parametric modelling limited to fitting the integral magnetic observables? The goal of this paper is to address this problem by investigating high resolution time series Stokes parameter observations of HR 5624, which belongs to a group of rare Ap/Bp stars (along with HD 32633, HD 37776, HD 126515, HD 175362, and τ Sco) with anharmonic longitudinal field curves and hence presumably very unusual underlying magnetic field structures.
The late B-type star HR 5624 (HD 133880, HIP 74066, HR Lup) is a rapidly rotating, He-weak, Si-strong object. Despite its brightness (V = 5.8), it was seldom analysed in detail due to its poor visibility from Northern hemisphere observatories. This star is a member of the Upper Cen-Lup association and thus has a well-established age of about 16 Myr (Landstreet et al. 2007) . A strong magnetic field of HR 5624 was detected by Borra & Landstreet (1975) and further investigated by Landstreet (1990) based on Hβ longitudinal magnetic field measurements. The non-sinusoidal character of the B z phase variation led Landstreet (1990) to infer that the field topology is dominated by an axisymmetric quadrupole, which is at least 3 times stronger than the star's dipolar component. A detailed spectroscopic study of HR 5624 was presented by Bailey et al. (2012) , who studied line profile variations, derived parameterised chemical abundance distributions and refined the magnetic field topology model based on longitudinal field and Zeeman broadening measurements. Bailey et al. (2012) concluded that HR 5624 has an axisymmetric field structure described by a superposition of a 9.6 kG dipole and 23.2 kG quadrupole components, with the maximum local field strength exceeding 30 kG and the mean field modulus reaching 20 kG. This exceptionally strong and unusually complex magnetic field must produce high-amplitude circular and linear polarisation signatures in spectral lines, making this star an ideal target for an MDI analysis.
In this paper we present a new investigation of the surface magnetic field structure and chemical spot distributions of HR 5624 using a superb spectropolarimetric data set collected for this star at the European Southern Observatory. The rest of the paper is organised as follows. Section 2 describes acquisition and reduction of the new spectropolarimetric observations of HR 5624. Section 3 discusses analysis methodology and presents main results, including a revision of the stellar parameters (Sect. 3.1), analysis of the mean polarisation profiles (Sect. 3.2) and mean longitudinal magnetic field (Sect. 3.3), qualitative diagnostic with the help of cumulative Stokes V profiles (Sect. 3.4), and, finally, tomographic reconstruction of the magnetic and chemical abundance maps (Sect. 3.5). The results of our investigation are discussed in the context of theoretical magnetic field and atomic diffusion studies in Sect. 4 and summarised in Sect. 5.
Spectropolarimetric observations
The spectra of HR 5624 were obtained with the HARPSpol polarimeter Piskunov et al. 2011 ) that feeds the HARPS spectrometer (Mayor et al. 2003) at the ESO 3.6 m telescope. This spectropolarimetric instrument allows one to obtain four Stokes parameter spectra at a resolving power of λ/∆λ ≈ 110 000 with a complete wavelength coverage of the 386-691 nm range apart from 8 nm gap centred at 529 nm. HARPSpol is equipped with two independent devices for circular and linear polarisation measurements. Each of them splits the incoming light into a pair of beams with orthogonal linear polarisation that are injected into fibers, dispersed by the echelle spectrograph and recorded simultaneously on a 2K×4K CCD mosaic.
Each Stokes parameter observation with HARPSpol is comprised of a sequence of either two or four sub-exposures between which the retarder waveplates are rotated by 90
• (for Stokes V observations) or by 45
• (for Stokes QU observations). This has an effect of exchanging positions of the orthogonally polarised spectra on the detector and enables application of a spectropolarimetric demodulation scheme known as the "ratio method" (Donati et al. 1997; Bagnulo et al. 2009 ). The two-exposure sequence yields a minimum data set for this demodulation procedure while four exposures provide a redundancy necessary for deriving the diagnostic null spectrum. To produce the latter, the sub-exposures are combined in such a way as to cancel the stellar polarisation signal, allowing to assess spurious polarisation that might be present in the data.
The optimal extraction and wavelength calibration of the HARPSpol spectra of HR 5624 was carried out with the RE-DUCE code 1 by Piskunov & Valenti (2002) . A custom set of IDL procedures was then used to perform continuum normalisation and spectropolarimetric demodulation. We refer the reader to the paper by Rusomarov et al. (2013) for an in-depth discussion of the HARPSpol four Stokes parameter observing procedures and detailed description of our data reduction pipeline.
The observations of HR 5624 were performed on the nights of May 10, 12, and 14, 2015. Initially, we planned to secure a Notes. The columns give the UT date at mid-observation, the corresponding Heliocentric Julian date, rotational phase for P rot = 0.877483 d, the median signal-to-noise ratio per 0.8 km s −1 pixel in the 490-500 nm wavelength region, and the Stokes parameters obtained. Observations listed here were determined from two sub-exposures with the exception of the two Stokes I spectra (phases 0.8542 and 0.9757), which were derived from single exposures.
complete rotational phase coverage in all four Stokes parameters and therefore obtained on the first observing night 6 Stokes V, 5 Stokes Q, and 5 Stokes U observations, each consisting of four 450 s sub-exposures. However, having examined these data, we found that HR 5624 exhibits a significantly lower polarisation amplitude than predicted by the previous field geometry models of this star, rendering the signal-to-noise ratio (S/N) in the linear polarisation profiles insufficient for detailed modelling. Consequently, we modified the observing strategy for the remainder of the observing run, putting more emphasis on the Stokes V observations. The final set of Stokes parameter spectra was derived from pairs of sub-exposures in order to improve the phase resolution. Analysis of the diagnostic null profiles obtained from four sub-exposure sequences showed no evidence of a spurious polarisation in any of the HARPSpol Stokes parameter observations.
The resulting HARPSpol data set analysed in this paper includes 52 Stokes V spectra (50 observations from our 2015 observing run plus two archival circular polarisation observations obtained in 2010 and 2012) as well as 21 Stokes Q, 21 Stokes U, and 96 intensity (Stokes I) measurements. Table 1 provides information on each of these observations, including mid-exposure UT date, heliocentric Julian date, rotational phase, and representative S/N. We note that two of the intensity spectra listed in this table correspond to interrupted polarimetric sequences and therefore do not have associated polarisation spectra.
In addition to the HARPSpol data, we have used 14 ESPaDOnS Stokes V spectra of HR 5624 obtained in 2010-2012. These data, retrieved from the CFHT Science Archive 2 , were reduced by the UPENA pipeline running the Libre ESpRIT software (an updated version of the code described by Donati et al. 1997) . The ESPaDOnS spectra cover the 370-1050 nm wavelength interval at a resolution of about 65 000. The first three of these spectra were analysed by Bailey et al. (2012) . Considering that the HARPSpol data have a superior resolution and adequate phase coverage, we have used the ESPaDOnS spectra of HR 5624 only for the purpose of deriving additional longitudinal field measurements (see Sect. 3.3).
Analysis and results

Stellar parameters
Several determinations of the atmospheric and fundamental parameters of HR 5624 are available in the literature. The stellar effective temperature was determined by (2012) refrained from applying an Ap-star correction to their photometric temperature estimate and adopted T eff = 13000 ± 600 K.
Based on the comparison with stellar evolutionary models and Hipparcos parallax, established log L/L = 2.07 ± 0.10, R/R = 2.51 ± 0.33, and M/M = 3.10 ± 0.12. Landstreet et al. (2007) used the fact that HR 5624 is a member of the Upper Centaurus Lupus association and therefore has a well-established age of log t = 7.2 ± 0.1 yrs. These authors obtained log L/L = 2.10 ± 0.10, R/R = 2.60 ± 0.38, and M/M = 3.20 ± 0.15, consistent with a young star that has completed about 5 per cent of its main sequence lifetime.
In this paper we took advantage of the high resolution spectra around hydrogen Balmer lines to test different sets of atmospheric parameters. We have computed a grid of LLmodels (Shulyak et al. 2004 ) atmospheres using the average abundances reported by Bailey et al. (2012) and adopting a magnetic field of 5 kG to roughly account for the Zeeman desaturation of spectral lines. The hydrogen Hβ and Hγ lines, computed for each model atmosphere in the grid using the Synmast spectrum synthesis code , were compared with the average HARPSpol spectra to establish the best-fitting T eff and log g. As demonstrated by Fig. 1 , T eff = 12000 K and log g = 4.15 provides a better description of the observations compared to T eff = 13000 K and log g = 4.34 used by Bailey et al. (2012) . Based on this comparison, we adopted the former set of atmospheric parameters for further analysis. We note that our log g established from fitting the hydrogen Balmer lines is in good agreement with the surface gravity of log g = 4.11-4.13 that can be inferred from the stellar evolution analyses by and Landstreet et al. (2007) . 
Least-squares deconvolved profiles
The Stokes V profiles of strong metal lines in the spectrum of HR 5624 exhibit distinct circular polarisation signatures. However, their relatively low S/N and often severe blending renders individual lines unsuitable for detailed modelling. No linear polarisation signatures could be detected in any of the individual spectral lines. Considering these circumstances, we applied the least-squares deconvolution (LSD) multi-line method (Donati et al. 1997) , implemented as described by , in order to obtain high quality mean Stokes profiles for all metal lines and for subsets of a few selected chemical elements. The line parameters required for building an LSD mask were obtained from the VALD3 database (Ryabchikova et al. 2015) using the T eff = 12000 K, log g = 4.15 model atmosphere described above and the mean abundances from Bailey et al. (2012) . We then retained lines deeper than 5 per cent of the continuum (before any macroscopic broadening) and excluded all lines located in the wings of the hydrogen Balmer lines or in the regions of significant telluric absorption. Four sets of Stokes IQUV LSD profiles were derived: i) using all 1916 available metal lines, ii) using 1127 Fe lines, iii) using 275 Cr lines, and iv) using 167 Si lines. The LSD line weights for the complete metal line mask were normalised using a mean wavelength λ 0 = 523 nm, Landé factor z 0 = 1.18, and depth d 0 = 0.18. A common normalisation with λ 0 = 518 nm, z 0 = 1.20, d 0 = 0.17 was adopted for the Fe, Cr, and Si LSD profiles. As discussed by , the choice of LSD line weight normalisation is irrelevant as long as it is applied consistently in derivation of LSD profiles and in their interpretation. The same line lists and deconvolution procedures were applied to both HARP-Spol and ESPaDOnS spectra; the LSD velocity step was chosen to be 1.6 km s −1 for HARPSpol and 2.6 km s −1 for the ESPaDOnS data, respectively. For consistency, the LSD analysis of the ESPaDOnS spectra was restricted to the HARPS wavelength range. son, we also present in the upper panels of this figure the Stokes I and V LSD profiles corresponding to a nearby rotational phase observed by ESPaDOnS. The circular polarisation signal is detected with a high S/N, which is also the case for the Fe and Si LSD profiles. On the other hand, the Stokes Q and U signals are detected at a rather low S/N only in the LSD profiles corresponding to the complete metal line mask. The bottom panels of Fig. 2 display some of the strongest linear polarisation mean line signatures detected in the HARPSpol data.
A dense phase coverage secured by our HARPSpol observations, combined with plenty of sharp details evident in the Stokes I and V LSD profiles, enable an accurate determination of the stellar rotational period. Previous period determinations for HR 5624 were summarised by Bailey et al. (2012) , who converged on the value of 0.877476±0.000009 d. Considering phasing of the 2010 archival HARPSpol spectrum relative to our 2015 data set, we find a slight offset (Fig. 3, upper panels) . A revised period of 0.877483 d, which is only 0.8σ longer than the value preferred by Bailey et al. (2012) , yields a smooth variation of the Stokes I and V profiles with a minimum phase dispersion (Fig. 3, lower panels) . The same period also improves the phasing of the 2010-2012 ESPaDOnS spectra relative to the 2015 HARPSpol data. Therefore, we adopted this period and the refer-ence Julian date 2445472.000 (Bailey et al. 2012) corresponding to the minimum photometric brightness for the MDI modelling presented below.
Mean longitudinal magnetic field
The mean longitudinal magnetic field B z measures the diskaveraged line-of-sight magnetic field component, weighted by the local continuum brightness and line strength. This observable is commonly used for characterising magnetic fields of Ap/Bp stars. The non-sinusoidal variation of B z in HR 5624 was considered as the basic primary evidence of a quadrupole-dominated magnetic field topology in this star (Landstreet 1990) .
We have inferred the mean longitudinal magnetic field of HR 5624 from the Stokes I and V LSD profiles corresponding to the complete metal line mask. These B z measurements were derived by calculating the first moment of the Stokes V profile, normalised by the equivalent width of the corresponding Stokes I profile and scaled by the appropriate mean wavelength and Landé factor ). The numerical integration was carried out in the velocity range between −120 and +125 km s −1 and was applied consistently to both HARPSpol and ESPaDOnS data. The resulting B z values, summarised in Table 2 , indicate variation between about −3.9 and +2.3 kG. The median error bar of our measurements is 47 G.
The phase variation of the HARPSpol and ESPaDOnS B z measurements agree very well. These data are also compatible, despite a difference in measurement methodology, with the hydrogen line photopolarimetric longitudinal field measurements collected by Borra & Landstreet (1975) and Landstreet (1990) provided that P rot = 0.877476 d is used. However, for our preferred P rot = 0.877483 d there is a 0.07 phase offset between the photopolarimetric data from 1974-1988 and the new spectropolarimetric measurements obtained in 2010-2015. This offset cannot be removed by postulating a simple linear period increase corresponding to the canonical rotational braking (Ud-Doula et al. 2009 ). Instead, a step-like or continuous period decrease, comparable to the one experienced by CU Vir (Mikulášek et al. 2011) , might be required to reconcile B z and line profile variation.
Cumulative Stokes V profiles
The cumulative Stokes V (CSV) profile diagnostic technique was suggested by Gayley & Owocki (2014) and further developed by Kochukhov (2015) . In this method the observed circular polarisation profiles of individual spectral lines or multi-line LSD profiles are converted to a spatially resolved measure of the longitudinal magnetic field density B z , which essentially represents a Doppler-resolved equivalent of the widely used mean line-ofsight (longitudinal) magnetic field B z . In comparison to B z , which is a scalar quantity characterising the longitudinal magnetic field averaged over the entire stellar disk, B z is a velocitydependent measure of the line-of-sight field component averaged over the stripes of constant Doppler shift. Consequently, B z is less affected by cancellation of polarisation signals coming from regions with opposite field polarities and can provide a meaningful measure of the longitudinal field at crossover phases, when B z is zero. An analysis of CSV profiles allows one to qualitatively assess the topology of stellar magnetic field and to make an estimate of the local magnetic field strength without the need of sophisticated line profile modelling such as MDI. The CSV method is particularly suitable for fast-rotating stars suspected of hosting complex magnetic field geometries.
Here we have applied the CSV diagnostic procedure to the Si and Fe LSD Stokes V profiles of HR 5624 and compared the resulting B z profiles to the predictions of the magnetic field geometry model derived by Bailey et al. (2012) . According to this study, the field of HR 5624 is best approximated as a superposition of the aligned dipolar B d = −9.6 kG, quadrupolar B d = −23.2 kG and octupolar B oct = 1.9 kG components, along with i = 55
• and β = 78
• . The observed CSV profiles were obtained by a weighted average of the blue-to-red and red-to-blue integrals over the Stokes V profiles, normalised by the corresponding residual Stokes I profiles (see Kochukhov 2015 for details). The resulting dynamic CSV spectra are presented in the panels a) and b) of Fig. 5 . Each panel in this figure shows a phase variation (vertical axis) of the longitudinal field density (colour scale) spatially resolved in the direction (horizontal axis) perpendicular to the stellar rotational axis.
One can infer from Fig. 5 that the Si and Fe CSV profiles of HR 5624 are very similar despite a noticeable difference in the morphology of the underlying LSD Stokes V profiles (modelled in Sect. 3.5). The CSV spectra of both chemical elements indicate a field topology with an extended region of weaker positive magnetic field (longitudinal field density B z ≤ 2.5 kG) and a smaller region of stronger negative field (B z ≥ −5.4 kG). The CSV profiles are, therefore, generally compatible with a somewhat distorted and asymmetric dipolar field structure but do not reveal any evidence of a quadrupole-dominated field geometry.
The observed profiles can be compared with the theoretical CSV spectra obtained by integrating the line-of-sight component of the field geometry model by Bailey et al. (2012) for the same set of rotational phases as sampled by our spectropolarimetric observations. These theoretical CSV profiles, shown in Fig. 5c , are morphologically more complex than the observed ones. For example, the secondary negative magnetic field region predicted by the model is not observed. Moreover, this field topology pre- Notes. The columns give the Julian date, the mean longitudinal magnetic field measurement and the corresponding error bar. Measurements derived from HARPSpol (ESPaDOnS) spectra are indicated with "H" ("E").
dicts a much stronger overall longitudinal magnetic field density (B z ranging from −11.3 to 8.5 kG) than is evident from the observed CSV data. Thus, prior to any MDI inversions, we are able to conclude based on the CSV analysis results that, although the field geometry proposed by Bailey et al. (2012) successfully describes the observed phase variation of the disk-integrated longitudinal field, it is, in fact incompatible with the observed Stokes V profiles and appears to significantly overestimate both the strength and the degree of complexity of the surface magnetic field in HR 5624. These qualitative conclusions fully agree with an outcome of the MDI modelling presented below.
Magnetic Doppler imaging
Magnetic topology and distributions of Si, Cr and Fe
We have reconstructed the magnetic field topology of HR 5624 by modelling the Si, Cr, and Fe LSD profiles with the help of the InversLSD MDI code described by Kochukhov et al. (2014) . This inversion code performs simultaneous mapping of a vector magnetic field and one additional scalar parameter, in this case chemical abundance, based on an interpolation within pretabulated grids of theoretical local Stokes LSD profiles. Following the approach previously used for the magnetic mapping of CU Vir , the local Stokes LSD profiles of HR 5624 were computed by applying the least-squares deconvolution procedure to a set of local synthetic four Stokes parameter spectra covering the entire observed wavelength range and including all relevant absorption lines (those comprising the Si, Cr, and Fe LSD masks as well as all significant blends). These theoretical spectra were tabulated for a grid of 15 limb angles, 31 field strength values between 0 and 30 kG, 15 field vector orientations with respect to the line of sight, and 13-15 element abundance values. The element abundance variations were treated with the help of three separate grids of LLmodels atmospheres, calculated with the parameters determined above and changing logarithmic abundances of either Si, Cr, or Fe by 0.25 dex within the full range necessary for the respective inversions. This allowed us to take into account modifications of the local atmospheric structure and non-uniform continuum brightness (although according to Lehmann et al. (2007) , Kochukhov et al. (2012) and Kochukhov (2017) these effects usually have only a marginal influence on the stellar surface maps).
The magnetic field geometry of HR 5624 was parameterised with a spherical harmonic expansion including modes with an angular degree up to max = 20. This value was chosen to approximately match the theoretical spatial resolution enabled by the v e sin i of HR 5624 (Fares et al. 2012) . Both the poloidal and toroidal terms were included in the expansion. The inversions were initiated with zero magnetic field and a homogeneous abundance distribution. The regularisation parameters, controlling the strength of the harmonic regularisation for the magnetic field map and the Tikhonov regularisation for abundance maps, were adjusted as described by Kochukhov (2017) . A series of MDI inversions was carried out for different values of the projected rotational velocity v e sin i and inclination angle i, aiming to find optimal values of these parameters. This analysis yielded v e sin i = 106 ± 2 km s −1 and i = 65 ± 10 • , both of which agree reasonably well with the determinations by Bailey et al. (2012) .
The final fits by InversLSD to the observed Stokes I and V LSD profiles of Si, Cr, and Fe are presented in Figs. 6-8. The corresponding spherical plots of the total magnetic field strength, horizontal field, radial field and the field vector orientation are shown in Figs. 9-11. For comparison, we also illustrate in Fig. 12 the magnetic geometry model obtained in the previous detailed study of HR 5624 by Bailey et al. (2012) . Finally, the harmonic energy distribution of the Si, Cr, and Fe-based magnetic field maps is schematically illustrated in Fig. 14 for modes up to = 5 (the contribution of higher order terms is negligible). Different statistical characteristics of these field geometries are summarised in Table 3 . Turning attention to the magnetic field maps shown in Figs. 9-11, it is evident that the best-fitting magnetic field distribution is basically dipolar. However, this dipole is strongly asymmetric and distorted, with a much stronger and smaller negative magnetic pole where the radial field reaches −11 kG and a weaker, more extended positive magnetic field region with a radial field of up to 4.5-4.8 kG. The global mean of the field strength is found to be 4.0-4.4 kG. The maximum local field modulus is about 12 kG in all three magnetic field maps. The corresponding mean field modulus is predicted to vary between 3.4 and 6.1 kG, with a sharp maximum at phase 0.95 and a broad The details of the magnetic field topologies inferred from the independent LSD profile modelling of Si, Cr, and Fe agree very well, with typical local standard deviation of only 0.3-0.4 kG for all three magnetic field vector components and the field modulus. This concordance is particularly noteworthy given the somewhat different appearance of the Fe and Cr Stokes V LSD profiles (Figs. 7 and 8 ) and the significantly simpler morphology of the Si Stokes V LSD profiles seen in Fig. 6 . The latter appears to be a consequence of a less structured Si abundance distribution. All three magnetic field maps indicate that the negative pole is formed by two magnetic spots of unequal strength, with the trailing spot located at a longitude of about 45
• and including a substantial horizontal magnetic component. Comparing our MDI magnetic field maps with those of the quadrupole-dominated parametric magnetic field geometry (B d = −9.6 kG, B d = −23.2 kG B oct = 1.9 kG, i = 55
• , β = 78 • ) proposed by Bailey et al. (2012) , we find that our inversions favour much weaker global field strengths. In Fig. 13 we show forward calculations of I and V profiles based on the Bailey et al. model. Although the V profiles derived from the quadrupoledominated model show some qualitative resemblance to the observed profiles, they are systematically less structured and have amplitudes which are typically too large by factors of order 2. On the other hand, although the I line profiles resulting from the quadrupole-dominated model do not reproduce the detailed shape of the observations, they generally have about the right depth and show a reasonable resemblance to the observations. This better accord is probably due to the fact that the I profiles are determined mainly by the adopted abundance distributions (particularly of Fe) rather than the magnetic field.
The analysis of the harmonic energy distribution of the Si, Cr, and Fe magnetic maps (Fig. 14) reveals the dominant contribution (65-71% in terms of the total magnetic field energy) of the dipolar component inclined by about 90
• with respect to the stellar rotational axis. All quadrupolar ( = 2) modes together contribute 20-26% of the magnetic energy. Contributions of higher order modes with ≥ 3 do not exceed 4.5%. No evidence of a substantial toroidal field is found in our magnetic inversion results.
The Si, Cr, and Fe abundance distributions, reconstructed simultaneously with the magnetic field maps, are presented in Fig. 15 . The chemical maps of these elements differ in detail but also have several properties in common. For instance, the contrast is about 2 dex in all three cases. Also, all three maps exhibit overabundance features coinciding with the stronger of the two magnetic spots at the negative pole as well as zones of relative element underabundance in the vicinity of the extended positive pole. For iron and chromium, this underabundance structure splits into two distinct narrow bands extended in latitude, possibly forming a ring centred at around longitude 190
• . The effect of this underabundance ring is readily evident in the highly structured Cr and Fe Stokes I LSD profiles between phases 0.4 and 0.6. The Cr and Fe distributions are generally similar to each other. However, the chromium map shows several smaller overabundance spots at the rotational equator not present in the Fe map.
Distributions of Mg, Ti and Nd
In addition to the chemical abundance maps of Si, Cr, and Fe recovered from the Stokes I and V LSD profiles as part of the MDI inversions, we also studied the surface distributions of several other elements using intensity profiles of individual spectral lines. Due to the rapid rotation of HR 5624, it is difficult to find unblended lines of elements other than Si, Cr, Fe. Nevertheless, surface distributions of Mg, Ti, and Nd could be derived by modelling the 448.1, 480.5, and 494.3 nm lines of these elements respectively. Chemical abundance maps were obtained using Invers10 ) and adopting the average of the magnetic field topologies determined above. In each case the line list included up to 10 blending lines in addition to the main spectral features. Most of the secondary lines belonged to Fe and Cr, allowing the treatment of inhomogeneous distributions of these elements according to the previously derived abundance maps.
The resulting surface distributions of Mg, Ti, and Nd are presented in Fig. 16 . All three elements exhibit horizontal inhomogeneities with the abundance contrast of 1.6-2.8 dex. Some of these surface distributions show certain similarities to the Si, Cr, and Fe abundance maps recovered from the LSD profiles. The distribution of Nd is dominated by two distinct overabundance areas, seen at the rotational phases 0.2 and 0.8, which are offset from the magnetic equator by ∼ 30
• in longitude towards the positive magnetic field regions. Curiously, the Si map is also dominated by two spots, with one of them almost coinciding with the spot of Nd (phase 0.2), but another one offset by nearly 60
• from the second Nd spot (phase 0.8). The region with the minimum element abundance in the vicinity of the extended, weak-field, positive magnetic pole occurs, in one form or another, in every abundance map. On the other hand, with the exception of Nd, no such region is seen close to the strong-field, negative magnetic pole. 
Discussion
Magnetic field topology of HR 5624
In this study we have carried out the first detailed polarisation line profile modelling of the young Bp star HR 5624, a star previously suggested to host an unusual, predominantly quadrupolar, very strong surface magnetic field (Landstreet 1990; Bailey et al. 2012 ). Contrary to these predictions, our MDI inversions reveal a much weaker magnetic field, which to a first approximation resembles a distorted, offset dipole. This field topology still resembles a nearly aligned superposition of a dipole and a linear quadrupole. Moreover, our finding that the negative magnetic pole is comprised of a pair of high-contrast magnetic features qualitatively agrees with the conjecture of previous quadrupolar models, which predicted a strong magnetic spot at the same location. These results appear to reinforce the notion that an aligned dipole plus quadrupole magnetic field parameterisation provides a satisfactory first-order description of Ap-star magnetic fields and is useful for coarse analyses of large stellar samples (e.g. Landstreet & Mathys 2000) .
However, despite this qualitative agreement with our detailed MDI maps, other predictions of the parametric field topology models are entirely spurious. In the specific case of HR 5624, quantitative MDI results differ markedly from the corresponding quadrupolar model predictions. MDI maps indicate that the dipolar component dominates the stellar field topology, contributing 65-70% of the total magnetic field energy, while all quadrupolar ( = 2) modes together provide a factor of 2.6-3.5 less contribution to the magnetic energy budget. This is a much larger dipolar contribution compared to the findings of previous field topology studies by Landstreet (1990) and Bailey et al. (2012) , both of which adopted a combination of aligned dipole, linear quadrupole and linear octupole. The first paper found a fairly wide variety of parameter combinations that could explain the observed B z variations, with models based on a realistic limbdarkening function and (arbitrarily assumed) i = 90
• requiring a quadrupole-to-dipole polar field strength ratio of B q /B d ∼ 3. The more recent study by Bailey et al. (2012) Fig. 12. Same as Fig. 11 for the surface magnetic field distribution derived by Bailey et al. (2012) . The contours over spherical maps are plotted with a 2 kG step.
= 2 harmonic modes to the total magnetic energy. In addition, both our mean and maximum local magnetic field strengths are lower by about a factor of 2-3 than the values suggested by Landstreet (1990) and Bailey et al. (2012) .
Unlike the previous magnetic field studies of HR 5624, which were limited to fitting longitudinal magnetic field measurements and magnetic line broadening, we considered the full Stokes I and V line profile information, took into account surface chemical inhomogeneities and derived consistent results from an independent modelling of three chemical elements. The resulting best-fitting MDI magnetic field maps successfully explain both the polarisation profiles themselves and their low-order moments, including the mean longitudinal magnetic field. Thus, our magnetic field geometry model passes a more rigorous observational test and therefore is more reliable. On the other hand, as shown above, the magnetic geometry proposed by Bailey et al. (2012) fails to reproduce the amplitude and detailed shapes of the Stokes V profiles.
The magnetic field analysis by Bailey et al. (2012) included an attempt to estimate the mean magnetic field modulus from the differential Zeeman broadening of two pairs of spectral lines with different effective Landé factors. This methodology, expected to be reliable for v e sin i of up to 50 km s −1 (Bailey 2014) , yielded mean field strength in the range of 11-23 kG for HR 5624, which is incompatible with our results. Examining synthetic and observed spectra of HR 5624 in the vicinity of the four Cr ii and Fe ii lines used by Bailey et al. (2012) , we find that the profiles of all these absorption features are strongly blended by other lines and are significantly distorted by chemical abundance inhomogeneities. This makes it impossible to reliably isolate the Cr ii and Fe ii lines in question, let alone measure their widths with the precision of better than 0.5% as implied by 2.5 kG field strength errors quoted by Bailey et al. (2012) . Therefore, it is likely that their mean field modulus measurements are entirely spurious.
Compared to the previous restricted parametric low-order multipolar models used by Landstreet (1990) and Bailey et al. (2012) , our MDI code allows many more degrees of freedom corresponding to all possible poloidal and toroidal modes in a general spherical harmonic expansion. We also impose an additional regularising constraint forcing the global magnetic energy to a minimum, which dampens contributions of higher-order modes. Perhaps, in hindsight, it is not surprising that a model with a larger number of free parameters yields a weaker overall magnetic field with a lower quadrupolar contribution. Nevertheless, the fact that this model fits the observed polarisation profiles so successfully indicates that the quadrupole-dominated field structure previously proposed for HR 5624 was merely a consequence of adopting a specific, highly restrictive low-order multipolar field parameterisation rather being linked to particular characteristics of the observational data. In this respect, our MDI analysis of HR 5624 follows a series of polarisation profile studies of Ap/Bp stars which demonstrate frequent failures of the classical multipolar field models based on fitting the longitudinal field curves and other observables derived from Stokes profiles to match the line profile themselves (Bagnulo et al. 2001; Kochukhov et al. 2004 Kochukhov et al. , 2011 ). It appears that predictions of such models are fairly robust only when dealing with simple, dipoledominated field geometries but are becoming increasingly misleading whenever they attempt to incorporate large deviations from a dipolar field structure.
We may also compare the results of our detailed mapping with the chemical abundances derived by Bailey et al. (2012) . Because of the strongly different modelling assumptions, detailed comparisons are difficult to achieve. However, we note that in the case of the elements Mg, Si, Cr, and Fe the abundances derived by Bailey et al. lie within the range of abundances in our maps, although generally with a smaller range of variation (consistent with the very low spatial resolution of Bailey et al. surface mapping). In the cases of Ti and Nd, the abundances derived by Bailey et al. are near the low abundance end of the range found here. Thus in general, chemical abundances derived from the simple model seem to be fairly indicative of our much more accurate values, and in any case do not lead to spuriously large overabundances.
To summarise, the main outcome of our MDI analysis of HR 5624 is that the dominant contribution to its field topology is provided by a distorted dipole rather than an axisymmetric (linear) quadrupole. Polarisation profile modelling of HD 37776, also believed to have a very strong quadrupolar field, yielded similar results, although in that case the best-fitting magnetic map was comprised of smaller-scale magnetic spots without an underlying dipole-like structure ). Considering that HR 5624 and HD 37776 were the best candidates for a quadrupole-dominated field topology known among Ap/Bp stars, there seems to be no remaining evidence that such hypothetical magnetic field geometries occur in real stars. Interestingly, this conclusion is in line with the results of threedimensional numerical simulations of the fossil magnetic field evolution in stably stratified stellar interiors. The studies by Braithwaite & Nordlund (2006) and Braithwaite (2008) have demonstrated that initially random magnetic field quickly develops into either a dipole-like topology or a complex, nonaxisymmetric configuration, depending on the initial radial distribution of the field energy. The surface magnetic field structures of the dipole-like models calculated by Braithwaite (private communication) can, in fact, be quite distorted showing various dipole offsets, toroidal contributions and smaller-scale magnetic features not unlike the pair of spots at the negative magnetic pole of HR 5624 or those found in the Stokes IQUV inversions of α 2 CVn (Kochukhov & Wade 2010; Silvester et al. 2014) . On the other hand, none of these theoretical MHD models yields a surface field configuration reminiscent of a linear quadrupole.
Comparison with diffusion theory predictions
Atomic diffusion in the presence of a magnetic field is believed to the main mechanism responsible for non-solar chemical abundance patterns and chemical inhomogeneities in the surface layArticle number, page 13 of 17 A&A proofs: manuscript no. 30919 Fig. 15 for magnesium, titanium, and neodymium surface abundance distributions reconstructed from individual spectral lines of these elements.
ers of Ap/Bp stars (Michaud et al. 2015) . Equilibrium diffusion models, such as those calculated by LeBlanc et al. (2009) and Alecian & Stift (2010) , predict significant vertical element stratification in the atmospheric line-forming region. These ver- . Angle between the local field vector and the surface normal corresponding to the magnetic field maps reconstructed from the Fe LSD profiles (see Fig. 11 ). The contours over spherical maps are plotted with a step of 15 • . Fig. 18 . Comparison of the observed Fe LSD Stokes I profiles (black histogram) with calculations according to the diffusion theory predictions. The red solid lines show theoretical profiles for the iron distribution with log N Fe /N tot = −2.0 in the regions with the local field inclination ≥ 75
• and log N Fe /N tot = −3.5 elsewhere. The green dashed lines correspond to similar calculation with log N Fe /N tot = −2.0 adopted for the surface regions with the field inclination ≥ 45
• . Spectra corresponding to different rotation phases are offset vertically. Rotation phases are indicated to the right of each spectrum.
tical stratification profiles presumably change across the stellar surface according to the local magnetic field geometry, giving rise to the rotational line profile modulation interpreted by DI codes as chemical spots. As summarised by Ryabchikova (2008) and Ryabchikova et al. (2011) , stratification profiles predicted by diffusion calculations agree qualitatively and, in some cases, quantitatively with the findings of observational studies, especially those targeting cool Ap stars which exhibit the most pronounced vertical abundance gradients (e.g. Ryabchikova et al. 2008; Shulyak et al. 2009; Nesvacil et al. 2013) .
On the other hand, no satisfactory agreement can be found between the observed DI maps and theoretically predicted horizontal abundance structures. It appears that the current equilibrium diffusion calculations predict no variation of chemical stratification over the stellar surface except in narrow bands coinciding with horizontal field regions. For example, according to Alecian & Stift (2010) , the iron vertical stratification profiles calculated for T eff = 12000 K, log g = 4.0 atmospheric model are independent of the field orientation until the field vector is inclined by more than 75-80
• with respect to the local surface normal. Almost all other chemical elements, including Si and Mg studied here, are predicted to follow the exact same pattern, which would be interpreted by Doppler inversions as narrow overabundance rings located at the magnetic equator. More sophisticated time-dependent diffusion calculations (Alecian et al. 2011; Stift & Alecian 2016 ) have yet to be published in a format enabling a direct comparison with MDI maps. However, despite some changes in the vertical element distributions, there are no indications that these time-dependent calculations would lead to any other horizontal pattern besides narrow overabundance rings.
Taking advantage of the detailed information about the magnetic field geometry of HR 5624 and several chemical abundance maps reconstructed self-consistently with the magnetic field, we attempted to carry out a quantitative comparison of our observational data with the theoretical element distribution models initially presented by Alecian & Stift (2010) and updated by Alecian (2015) . It should be emphasised that HR 5624 is a particularly suitable target for such a comparison due to its high projected rotational velocity. For stars with low v e sin i one can plausibly argue that lateral variation of the vertical stratification profile might lead to changes of the local line shapes that interfere with the usual DI inversion based on the assumption of a single value of abundance for each surface point. However, for stars with v e sin i as high as ∼100 km s −1 details of the local line profiles are irrelevant (e.g. Unruh & Collier Cameron 1995) , meaning that the standard DI inversion should provide a reliable estimate of the mean local element abundance.
Given the high quality of the Fe and Si LSD Stokes I profiles obtained for HR 5624, we decided to assess diffusion theory predictions for these two elements. However, despite the presence of bi-dimensional Si maps in the publication by Alecian & Stift (2010) , no meaningful predictions can be made for this element according to Alecian (2015) because Si is unsupported by the radiative pressure everywhere on the stellar surface. This results in a sub-solar abundance of this element,
